I. An in vitro analogue of long-term sensitization training was used to gain insights into the mechanisms and time course of the memory for long-term sensitization in Aplysia. The analogue, consisting of four blocks of shocks, was delivered to peripheral nerves of the isolated pleural-pedal ganglia, which contain the sensory neurons and motor neurons that mediate the tail withdrawal reflex.
3. The preparation was viable and stable (no changes in the amplitudes of excitatory postsynaptic potentials ( EPSPs) and membrane properties in controls) for at least 48 h. Moreover, the long-term facilitation persisted for at least 48 h.
4. We observed no significant long-term changes in the resting membrane potentials of the sensory and motor neurons or in the input resistance of the motor neurons 24 and 48 h after the conjoint stimulation of nerves P8 and P9. Thus changes in these biophysical properties do not appear to contribute to the expression of long-term facilitation.
5. The finding that conjoint stimulation of three nerves, P7, P8, and P9, produced no long-term facilitation raised the possibility that stimulation of nerve P7 alone might produce long-term inhibition that opposes the facilitatory effects induced by conjoint stimulation of nerves P8 and P9. Stimulation of nerve P7 alone, however, had no long-term inhibitory effect on the EPSPs. Stimulation of nerve P7 may activate pathways that block the long-term facilitation produced by conjoint stimulation of nerves P8 and P9.
6. This study represents the first demonstration that long-term synaptic facilitation can persist for 48 h, which is consistent with results indicating that the memory for long-term sensitization persists for > 1 day in intact animals. Moreover, the results suggest that long-term synaptic facilitation is a mechanism underlying the memory for long-term sensitization that persists for a period of time >24 h. Finally, the results provide a starting point for an analysis of the biophysical and molecular mechanisms for very long-term (e.g., 48 h) alterations in synaptic efficacy as well as a basis for comparing mechanisms underlying different stages of long-term memory.
Previously an in vitro analogue was developed to simulate closely both the intensity and timing of the shocks delivered to the body wall of the animal during sensitization training (Goldsmith and Byrne 1993; Scholz and Byrne 1987 ) . In this analogue trains of shocks were delivered to the peripheral nerves of the pleural-pedal ganglia that innervate the areas of the body wall that receive sensitizing stimuli during the behavioral experiments. In preliminary studies this stimulation procedure was shown to produce both significant short-and long-term facilitation of the tail sensory-to-motor neuron connection (Goldsmith and Byrne 1989) . Moreover, the in vitro training procedure induced long-term alterations in the membrane properties of sensory neurons and in the levels of incorporation of amino acids into several sensory neuron proteins ( Noel et al. 199 1, 1993) . The changes in the membrane properties were very similar to those found after long-term sensitization training (Scholz and Byrne 1987 ) . Partial amino acid sequencing of one of the affected proteins identified it as an intermediate filament protein ( IFP) . Using the same analogue Zwartjes et al. ( 199 1) and found that incorporation of amino acids into calmodulin (CaM) and 3-phosphoglycerate kinase (PGK) was increased. These protein changes may contribute to the formation of long-term sensitization.
INTRODUCTION
The tail-siphon withdrawal reflex in Aplysia consists of a coordinated set of defensive responses to stimulation of the tail. The sensory neurons that mediate the reflex are located in the pleural ganglion. These neurons make monosynaptic
In the present study we used the in vitro analogue, electrical stimulation of peripheral nerves, to answer the following questions. First, is the in vitro preparation viable and stable for periods of time >24 h and thus suitable for analyzing longer-term changes in synaptic efficacy? Second, given that long-term sensitization of defensive reflexes lasts > 1 day in intact animals (Bailey and Chen 1989; Frost et al. 1985; Pinsker et al. 1973; Goldsmith and Byrne, unpublished observations) , can long-term facilitation also persist for > 1 day? Third, to what extent do the pathways activated by different peripheral nerves contribute to the induction of 778 QO22-3077194 $3.00 Copyright 0 1994 The American Physiological Society long-term facilitation. 7 We found that in the absence of nerve stimulation synaptic efficacy was stable for periods up to at least 48 h. In addition, we found that long-term synaptic facilitation (lasting for at least 48 h) could be produced by conjoint stimulation of nerves P8 and P9. Concurrent stimulation of nerves P7, P8, and P9 failed to induce long-term facilitation at either 24 or 48 h. Stimulation of nerve P7 alone, however, had no long-term inhibitory effect on the EPSPs.
METHODS

Animals
Aplysia californica were obtained from Alacrity Marine Biological Specimens (Redondo Beach, CA), Marine Specimens Unlimited (Pacific Palisades, CA), Marinus (Long Beach, CA), and Pacific Bio-Marine (Venice, CA). Animals ( 100-300 g) were freely housed within aquariums containing aerated artificial seawater (Instant Ocean, Aquarium Systems, Mentor, OH) maintained at -15OC. Animals were exposed to a 12: 12 h light-dark cycle and were fed dried seaweed. Animals were not used in experiments until ~2 days after receipt.
Solutions
L-l 5 organ culture medium was obtained from Sigma (St. Louis, MO). Because this medium is intended for culturing vertebrate cells it was necessary to supplement it with the correct concentrations of ions found in Aplysia to make it isotonic to the hemolymph. The following salts were added (Schacher and Proshansky 1983 ) (in mM): 293.1 NaCl, 26.2 MgSO,, 9.7 CaCl, l 2H20, 26.0 MgC& l 6H20, 4.6 KCl, and 2.0 NaHC03. In addition 0.10 g/l of streptomycin sulfate (Sigma), 0.12 g/l of penicillin-G (Sigma), and 3.57 g/l of N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Sigma) were also added. pH was adjusted to 7.7.
Dissection procedure
Animals were weighed and anesthetized by injection of volumes of isotonic MgC& equal to one half of body volume. Pleural-pedal ganglia from either the left or right side, together with peripheral nerves P7, P8, and P9 of the pedal ganglion, were removed and placed in a Sylgard (Dow Corning, Midland, MI)-lined recording chamber (volume 5 ml) containing a 50:50 solution of isotonic MgC12-L-15 organ culture medium. The majority of the connective tissue overlying the pleural-pedal ganglion was surgically removed. On completion of the dissection the ganglion was firmly pinned to the Sylgard floor and nerves P7, P8, and P9 were drawn into suction electrodes. The 50:50 solution was then exchanged -10 times with 100% organ culture medium ( -50 ml) to ensure the removal of excess MgC&.
Experimental design
Standard electrophysiological techniques were used to make intracellular recordings from sensory and motor neurons. One hour after dissection, tail sensory neurons were impaled with a single microelectrode for recording and stimulation. Tail motor neurons were impaled with two microelectrodes, one for recording and one for current injection. Resistance of electrodes was between 4 and 10 MQ (filled with 3 M KAc). Motor neurons were selected randomly from (on average) three tail motor neurons located in the pedal ganglion, which were identified by their location, size, brief discharge after impalement, amplitude of action potentials, and synaptic input from the tail sensory neurons located along the medial margin of the sensory neuron cluster in the pleural ganglion. Intracellular recording was conducted at room temperature ( 1823°C). Only those neurons having resting membrane potentials greater than -35 mV were used in these studies. Data were stored on a VCR tape recorder (Model 3000, A. R. Vetter, Rebersburg, PA) or a Hewlett-Packard FM tape recorder (Model 3964A, San Diego, CA) and permanent records were made with a Gould model 2400 pen recorder (Gould, Cleveland, OH) .
The connections between the sensory neuron and motor neuron were examined at two test periods, the baseline test period and the 24-h posttraining test period, by firing action potentials in the sensory neuron with a 30-to 40-ms suprathreshold intracellular depolarizing pulse (the test stimulus) and recording the monosynaptic excitatory postsynaptic potentials ( EPSPs) in the motor neuron ( Fig. 1) . In a subset of experiments the connections were also examined at a third test period, the 48-h posttraining test period. Each of these periods consisted of three test stimuli delivered at an interstimulus interval of 3-5 s, beginning 5 min after impaling the sensory neuron. One sensory neuron was used in most experiments; however, in a few experiments in which two sensory neurons were used throughout the protocol, the amplitudes of the EPSPs produced by both sensory neurons were averaged. In the experiments in which two sensory neurons were used, these two sensory neurons were impaled consecutively within 1 min. Testing of the first sensory neuron began 5 min after its impalement and the testing of the second sensory neuron began immediately after the three tests of the first sensory neuron (usually also within 1 min). Motor neurons were hyperpolarized by -30 mV during each test stimulus to prevent the EPSP evoked by the sensory neuron from triggering an action potential in the motor neuron. In these experiments the amplitude of the EPSP recorded in the motor neuron was used as the measure of sensitivity of the preparation to the test stimuli, and changes in the amplitude of the EPSP were used as a measure of facilitation (see also below).
Measurements of input resistance of the motor neuron (while the cell was hyperpolarized by -30 mV) were made before each test period by intracellularly injecting l-or 2-nA hyperpolarizing constant current pulses.
Immediately after the last stimulus in the baseline test period the electrodes were removed and cells adjacent to the cells that were recorded from were then iontophoretically filled or pressureinjected with fast green dye ( 10 mM) to aid in later identification of the cells (Buonomano and Byrne 1990) . A detailed map was made to record the position of the monitored sensory and motor neurons in relation to the dyed cells.
Twenty minutes after the baseline test period the training period was begun (Fig. 1) . The training protocol was analogous to that used in previous behavioral studies (Goldsmith and Byrne 1993; Scholz and Byrne 1987) . Training consisted of four blocks of shocks (interblock interval 30 min) delivered via the suction electrodes to one or more peripheral nerves. Each block consisted of a 10-s train of 10 500-ms, 60-Hz, 60-V pulses (interpulse interval 1 s). We used 60-V pulses because this intensity has been previously demonstrated to reliably produce brisk discharges in the L,, ink gland motor neurons and thus mimic the effectiveness of behavioral training procedures that lead to the release of ink from the ink gland (Noel et al. 199 1) . There were two sets of experiments. The first set consisted of three groups: a control group; a group in which nerves P7, P8, and P9 were conjointly stimulated; and a group in which nerves PS and P9 were conjointly stimulated. The second set consisted of two groups: a group in which only nerve P7 was stimulated and a control group. Control groups were treated identically to the experimental groups except that no nerve stimulation was delivered. In each set the experiments from different groups were performed alternatively to minimize effects of uncontrolled variables such as those due to different batches of animals and seasonal influences.
To reduce the possibility of damaging the cells by multiple impalements, the presence of short-term facilitation (Goldsmith and Byrne 1989) was not examined in these experiments. Immediately after the last train of shocks (and in some experiments immediately after the 24-h posttraining test), several milliliters of organ culture medium were added to the recording chamber. The chamber was then placed within a small airtight container for storage in an incubator at 15OC. Twenty-three hours, and in some experiments again at 47 h after the last train of shocks, the chamber was removed from the incubator and the organ culture medium was exchanged with ~25 ml of fresh medium. One hour after each exchange the same cells that were monitored previously were reimpaled for the 24-or 48-h posttraining test.
Data analysis
The mean amplitude of three EPSPs produced in the motor neurons during each testing period was determined and was then normalized to the mean amplitude of the baseline test. (The results were essentially identical if any 1 of the 3 test EPSPs was used instead of the mean value.) Measurements of input resistance of the motor neuron and measurements of the membrane potential of the sensory and motor neurons were similarly normalized to the baseline values. An analysis of variance (ANOVA) was then performed on the normalized scores (Zar 1984) . In the first set of experiments two one-factor ANOVAs were performed on the normalized 24-and 48-h data, respectively. It is inappropriate to perform a repeated two-factor ANOVA on data with different sample numbers on the repeated measure. In the second set of experiments a two-factor ANOVA with repeated measures was performed. Post-hoc Tukey tests were performed if a significant difference was found with the ANOVA.
For all statistical tests, a P value of co.05 was considered significant.
RESULTS
Twenty-four-and 48-h enhancement obtained by conjoint stimulation of nerves P8 and P9, but not by conjoint stimulation of nerves P7, P8, and P9 Figure 2A illustrates typical recordings obtained in an experiment in which there was no stimulation of the nerves (Control); an experiment in which nerves P7, P8, and P9 were conjointly stimulated; and an experiment in which only nerves P8 and P9 were conjointly stimulated. The bottom traces in each panel are the recordings of the action potentials elicited in the sensory neuron during the baseline
neuron during the respective tests. In the experiments in which the nerves did not receive stimulation there was no change in the amplitudes of the EPSPs recorded at the 24-h posttraining test period (top panel). In the experiments in which nerves P7, P8, and P9 were conjointly stimulated there was also no change in the amplitudes of the EPSPs recorded at the 24-h posttraining test period (middle panel). In contrast, in the experiments in which only nerves P8 and P9 were conjointly stimulated there was an enhancement of the amplitudes of the EPSPs observed at the 24-h posttraining test period (bottom panel). Summary data (Fig. 2 B) revealed a similar longterm enhancement in the P8+P9 group and an absence of any effect in the experiments in which all three nerves were stimulated or those in which the nerves were not stimulated. The normalized mean amplitudes of the EPSP recorded 24 h after training in the control, P7+PS+P9, and P8+P9groupswere105+6%(mean+SE)(n=13),108+ 14% (n = 17), and 154 t 16% (n = 14)ofbaseline, respectively (Fig. 2 B) . A one-factor ANOVA revealed a significant difference among the three groups [ F( 2,4 1) = 4.16; P < 0.0251. Further, a Tukey test indicated that the normalized mean amplitude of the EPSPs at 24 h after training in the P8+P9 group was significantly greater than the control group[q(41,3) = 3.53; P<O.O5]andtheP7+P8+P9group [ q(41,3) = 3.52; P < 0.051, but no difference was found between the control group and the P7+P8+P9 group ww) = 0.251. The average amplitudes of EPSPs recorded at baseline in the control, P7+P8+P9, and P8+P9 groups were 5.1 t 0.9, 5.2 t 0.7, and 4.1 t 0.6 mV, respectively, which were not significantly different from each other [ F( 2,4 1) = 0.651.
In a subset of the experiments long-term facilitation was examined at both 24 and 48 h after training (Fig. 2) . The enhancement of the EPSP was maintained 48 h after nerve stimulation in the P8+P9 group (249 t 50% of baseline, n 5), whereas there was still no change from the baseline yalues in the control group ( 10 1 t 9% of baseline, n = 7) and the P7+P8+P9 group (103 t 19% ofbaseline, n = 7). A one-factor ANOVA revealed a significant difference among the three groups at 48 h after training [ F( 2,16) = 9.45; P < 0.0021. A subsequent Tukey test indicated that the P8+P9 group was significantly different from the control group [q( 16,3) = 3.68; P < 0.005] and from the P7+P8+P9 group [q( 16,3) = 3.58; P < 0.005]. There was no significant difference between the control and the P7+P8+P9 group [q( 16,3) = 0.1 I]. In this subset of the experiments the normalized EPSPs at 24 h after training in the control, P7+PS+P9, and P8+P9 groups were 99 t 6%, 89 t 19%, and 200 t 30% of baseline, respectively. No obvious within group difference was observed between the 24-and 48-h posttraining tests for this subset of the experiments.
Long-term facilitation cannot be attributed to the changes in neuronal membrane potential or input resistance
The enhancement of the EPSPs produced by the training procedure could be due to presynaptic factors and/or postsynaptic factors. Summary data are shown in The average resting membrane potentials measured at the baseline period in the control, P7+P8+P9, and P8+P9 groups were -44.0 t 1 .O mV (n = 13), -43.6 t 0.7 mV (n = 17), and -43.6 t 1.1 mV (n = 14), respectively, for sensory neurons, and -53.0 t 1.2 mV (n = 13), -50.6 t 1.1 mV (n = 17), and -50.9 t 1.0 mV (n = 14), respectively, for motor neurons. There were no significant differences in the baseline values among the three groups in either sensory [ F( 2,4 1) = 0.061 or motor [ F( 2,41) = 1.251 neuron membrane potentials. These data suggest that changes in the resting membrane potentials of the sensory and motor neurons do not contribute to the observed enhancement in the amplitude of the EPSP. An increase in input resistance of the motor neuron could also contribute, at least in part, to the synaptic enhancement seen in these experiments. In these experiments an increase in input resistance was not observed, but rather there was a slight decrease in the input resistance of the 2. Long-term synaptic facilitation produced by the in vitro analogue of sensitization training. A : typical results illustrating action potentials elicited in the sensory neurons (SN, bottom traces) and the excitatory postsynaptic potentials ( EPSPs) produced in the motor neurons (MN, top traces) during the baseline, 24-h posttraining, and 48-h posttraining test periods. Conjoint stimulation of nerves P8 and P9 led to an enhancement of the EPSPs 24 and 48 h after training, whereas conjoint stimulation of nerves P7, P8, and P9 or no stimulation did not produce long-term changes in the EPSPs. B: summary of the data at the 24-h posttraining and 48-h posttraining tests. Each bar represents the mean t SE of the normalized amplitudes ofthe EPSPs. Only conjoint stimulation of nerves P8 and P9 led to a significant 24-and 48-h enhancement of the amplitude of the EPSPs. Asterisks: significant differences between the P8+P9 group and the other groups (the P7+P8+P9 group or the control group) at 24 or 48 h, respectively. motor neurons measured 24 h after training in the P8+P9 group and in the P7+P8+P9 group (Table 1) . These changes, however, were not significantly different from the control group [F(2,40) = 1.341. The difference became significant, however, 48 h after training in the subset of the experiments in which the connections were monitored at this time period [ F( 2,15 ) = 7.73; P < 0.005 1. A subsequent Tukey test indicated a significant difference [ q( 15,3) = 5.5 1; P < O.OOS] between the P7+P8+P9 group and the control group. Considering the increase in the input resistance measured in the control group ( 122 t 9%) at 48 h, this difference at 48 h may require further study. The PS+P9 group was not significantly different from the P7+P8+P9 group [ q( 15,3) = 1.681 or control group [ q( 15,3) = 3.451. The average input resistances of motor neurons recorded at baseline in the control, P7+P8+P9, and P8+P9 groups were 8.9 t 1.5 MQ (n = 12), 7.6 t 0.5 MQ (n = 17), and 8.1 t 0.9 MQ (n = 14), respectively, which were not significantly different from each other [F(2,40) = 0.171.
Stimulation of nerve P7 had no long-term efect
The fact that conjoint stimulation of nerves P8 and P9 produced long-term facilitation, whereas conjoint stimulation of nerves P7, P8, and P9 did not, raised the possibility Values are means + SE, normalized to the baseline values, with sample numbers in parentheses. * Significant difference was found between P7 + P8 + P9 group and the corresponding control group at 48 h (P < 0.005). SN, sensory neurons; MN, motor neurons. A two-factor analysis of variance with repeated measures revealed no significant difference in the amplitudes of the EPSPs between the P7 group and the control group. Data for the control group were obtained from a set of experiments that were independent of those illustrated in Fig. 2 .
0 Control that stimulation of nerve P7 may induce a long-term inhibition that offsets the enhancement produced by stimulating nerves P8 and P9. To test this possibility we performed a second set of experiments in which only nerve P7 was stimulated. The results are summarized in Fig. 3 . The EPSPs recorded at 24 and 48 h after stimulation of nerve P7 were 112 t 10% and 113 t 19% of baseline (~2 = 8 ), respectively, which were not significantly different from those in the control group [ 116 t 8% and 129 t 25% of baseline, respectively, n = 7; F( 1,13) = 0.261. Thus stimulation of nerve P7 alone produces neither long-term inhibition nor facilitation. The average amplitudes of EPSPs recorded during the baseline test period in the control and P7 groups were 4.4 t 1.4 and 6.2 t 1.8 mV, respectively, which were not significantly different from each other [ F( 1,13 ) = 0.571. Stimulation of nerve P7 also had no long-term effect on the resting membrane potentials of the sensory and motor neurons or the input resistance of the motor neurons (Table 1). There were no significant differences between the control and P7 groups in either the sensory or motor neuron membrane potentials [ F( 1,13) = 2.72, F( 1,13) = 0.09, respectively]. The input resistance of the motor neurons measured at 24 and 48 h after stimulation of nerve P7 were also not significantly different from those in the control group [F( 1,13) = 0.621. Electrical stimulation of a defined subset of peripheral nerves of the pedal ganglion produced long-term enhancement of the connections between the tail sensory and motor neurons. These results are consistent with neural correlates of long-term (24 h) sensitization of the siphon-gill withdrawal reflex. Specifically, the strength of the connection between LE sensory neurons and the gill motor neuron in the abdominal ganglion was greater in the sensitized animals than in the control animals when tested 24 h after training (Frost et al. 1985 ) . In addition to delivering sensitizing stimuli to the body, application of selected agonists and analogues of sensitization training procedures also produce long-term facilitation of sensory-to-motor connections. For example, Montarolo et al. ( 1986) and Schacher et al. ( 1988) used transient applications of serotonin or adenosine 3',5 '-cyclic monophosphate (CAMP) to produce a long-term (24 h) enhancement of the strength of the connection between pleural sensory neurons and abdominal motor neurons in culture. Recently, using bath application of serotonin and a protocol similar to that used by Montarolo et al. (1986) , Emptage and Carew (1993) observed long-term (24 h) facilitation of the connection between sensory and motor neurons in isolated pleural-pedal ganglia. Thus nerve stimulation is but one of several ways to induce long-term facilitation. Each of the analogues has its own unique advantages. The analogue of sensitization training described here may be particularly useful since it can serve as a bridge between behavioral studies and the studies in more reduced systems (e.g., cultured neurons). Moreover, the analogue does not make any assumptions regarding specific modulatory transmitters and second messenger cascades that are engaged by sensitizing stimuli. The disadvantage of the analogue is that we do not know how many types of afferent modalities are being stimulated or precisely how the nerve stimulation relates to the stimuli used in behavioral experiments.
All the electrophysiological studies performed to date on long-term facilitation of the sensory-to-motor neuron synapses have been restricted to the analysis of changes within 24 h after training. The memory for long-term sensitization persists for > 1 day, however (Bailey and Chen 1989; Frost et al. 1985; Pinsker et al. 1973; Goldsmith and Byrne, unpublished observations) . Thus an important question is whether the mechanisms underlying this extended memory are similar to or even built on those underlying the 24-h memory. Our results indicate that long-term facilitation can persist for at least 48 h, suggesting that facilitation of the sensory-to-motor synapses may also be a mechanism underlying more extended forms of the memory for long-term sensitization. It will be important to examine neural correlates of behavioral training at these later times (i.e., 48 h) to verify this hypothesis. We do not know how long the facilitation persists, but in preliminary experiments we have observed facilitation 96 h after training (unpublished observations).
The analogue may also be useful to analyze the biochemical and biophysical mechanisms responsible for the longterm (48 h) facilitation. It has already proved useful for obtaining insights into the mechanisms of the facilitation at 24 h. For example, Noel et al. ( 199 1, 1993) found both long-term reduction of net outward currents and long-term alterations in the incorporation of amino acids into several proteins in the sensory neurons at 24 h. Some of the affected proteins have been identified, such as an IFP (Noel et al. 1993), CaM, and PGK (Eskin et al. 1993; Zwartjes et al. 199 1 ) , which may play important roles in the formation of long-term memory. For example, increased synthesis of IFPs, which are one of the major components of the cytoskeleton, may subserve the neuronal remodeling that has been shown to accompany long-term sensitization (Bailey and Chen 1988) .
Deferential eyjiects of nerve stimulation
Interestingly, some of the long-term (24 h) changes previously reported using this analogue (e.g., Noel et al. 199 1, 1993) were produced by conjoint stimulation of three nerves (P7, P8, and P9), yet in the present experiments conjoint stimulation of the same three nerves did not produce long-term facilitation. This discrepancy may be attributed to differences in experimental methodology or the specific correlates of long-term memory that were examined. One possibility is spatial nonuniformity of the cluster of sensory neurons. In the present study we sampled from a subset of the population of sensory neurons, specifically those making synaptic connections with the tail motor neurons, whereas in the studies of protein synthesis and membrane properties neurons from the entire cluster of sensory neurons were examined (Noel et al. 199 1, 1993 ) . Another possibility is that conjoint stimulation of nerves P7, P8, and P9 and conjoint stimulation of nerves P8 and P9 produce the same biochemical and biophysical changes in the somata of all the sensory neurons but produce different effects in other parts of the neuron and/or other elements of the circuit, such as the nerve terminals of the sensory neurons or the motor neurons. Evidence supporting this possibility may include the significant decrease in the input resistance of motor neurons 48 h after conjoint stimulation of nerves P7, P8, and P9 but lack of a significant decrease after conjoint stimulation of nerves P8 and P9. Finally, the above mentioned biochemical and biophysical changes may contribute to long-term sensitization in some ways other than long-term synaptic facilitation. One possibility is an increase in excitability of tail sensory neurons. A dissociation between short-term changes in excitability and facilitation of the sensorimotor connection has already been shown (Mercer et al. 199 1; Stark et al. 1992 ), but a test of a longterm dissociation has yet to be performed. If such a longterm dissociation exists, it would be interesting to determine whether protein changes induced by conjoint stimulation of nerves P8 and P9 are different from those induced by conjoint stimulation of nerves P7, P8, and P9.
The finding that stimulation of nerves P7, P8, and P9 did not produce long-term facilitation raises interesting questions regarding the role of P7. Anatomically, nerve P9 innervates the posterior portion of the foot (tail), nerve P8 innervates the middle portion of the foot, and nerve P7 innervates the parapodium (Jahan-Parwar and Fredman 1978) . These different innervations may explain the results of stimulating different combinations of nerves if different pathways inhibit each other. In preliminary behavioral studies (Goldsmith and Byrne, unpublished observation) the parapodia were removed for a clear observation of siphon withdrawal, so the sensory fields innervated by nerve P7 were probably not stimulated. It would be interesting to know whether long-term sensitization could be produced by shocks delivered to the sensory fields innervated by nerves P7, P8, and P9. Stimulating nerve P7 alone had no long-term inhibitory effect but may induce a long-term inhibitory effect when its stimulation is combined with the stimulation of other nerves (such as P8 and/ or P9 ) . Alternatively the stimulation of nerve P7 may block the induction of long-term facilitation normally produced by conjoint stimulation of nerves P8 and P9. Preliminary studies indicate that stimulating nerve P7 leads to a hyperpolarization of both the sensory and motor neurons (Zhang and Byrne, unpublished observations). The hyperpolarization itself, or the activation of certain second messenger(s) that may produce this hyperpolarization, may also block the CAMP cascade that is required for long-term facilitation. Examining the effects of stimulating nerve P7, as well as the type of afferent inputs that convey information to the CNS via this nerve, may help to elucidate the mechanisms that modulate and regulate long-term sensitization and facilitation.
Mechanisms of extended long-term facilitation
Long-term facilitation may be attributed to the increase in the efficacy of the existing synapses and/or the formation of new synapses. Both long-term synaptic facilitation (Bailey et al. 1992; Montarolo et al. 1986 ) and long-term morphological changes (Bailey and Chen 1988; Bailey et al. 1992; Nazif et al. 199 1) require protein synthesis. Montarole et al. ( 1986) found that the critical window of protein synthesis necessary for long-term (24 h) facilitation of the sensory-to-motor neuron synapse is the period during and immediately after training (see also Castellucci et al. 1989 ). However, protein synthesis is known to be altered after "induction" and recent studies by Nazif et al. ( 1993) have demonstrated that blocking translation 4-7 h after intracellular injection of CAMP blocked long-term (24 h) morphological changes. Therefore the critical time windows of protein synthesis required for long-term synaptic facilitation and for long-term structural changes may be different. A difference in the requirement for protein synthesis highlights the possibility that the formation of new synapses may be particularly important for the extended form of long-term (e.g., 48 h) facilitation. The in vitro analogue may be useful in the analysis of the critical window of protein synthesis necessary for long-term facilitation lasting 248 h and in the comparison of this window with the window of protein synthesis necessary for early temporal domains (24 h) of long-term facilitation.
